In the choroid, there is evidence that blood flow does not only depend on ocular perfusion pressure (OPP), but also on absolute mean arterial pressure (MAP) and intraocular pressure (IOP). The present study included 40 healthy subjects to investigate whether such behavior is also found in the optic nerve head (ONH). The ONH blood flow (ONHBF) was studied using laser Doppler flowmetry during a separate increase in IOP and MAP as well as during a combined elevation. Mean arterial pressure was increased by isometric exercise and IOP by the suction method. During both, the change in ONHBF was less pronounced than the change in OPP indicating autoregulation. Correlation analysis was performed for the combined experiments after pooling all data according to IOP and MAP values. A correlation between ONHBF and MAP was found at IOPs p25 mm Hg (Po0.001), but not at IOPs425 mm Hg (P ¼ 0.79). Optic nerve head blood flow and IOP were significantly correlated (Po0.001), and ONHBF was only slightly dependent on MAP. The data of the present study indicate a complex regulation of ONHBF during combined changes in MAP and IOP. Our results may be compatible with myogenic mechanisms underlying autoregulation, and indicate better ONHBF regulation during an increase in MAP than during an increase in IOP.
INTRODUCTION
Today, glaucoma is the second leading cause of blindness worldwide affecting over 60 million people. 1 This neuropathy is characterized by progressive visual field loss due to retinal ganglion cell death. Increased intraocular pressure (IOP) poses the most important known risk factor with a positive correlation between both prevalence and incidence in glaucoma. [2] [3] [4] However, some patients deteriorate despite normal IOP indicating that other factors are also at play. As such, vascular factors including altered blood flow have been proposed to contribute to the pathogenesis of glaucoma. 5 Autoregulation is a mechanism that keeps blood flow constant during changes in perfusion pressure. This allows for the adequate perfusion of a tissue as well as supply of nutrients and oxygen. The autoregulatory capacity of a vascular bed can be studied by altering the perfusion pressure. Ocular perfusion pressure (OPP) can be calculated as 2/3 Â mean arterial blood pressure (MAP) À IOP, meaning that low OPP can be the result of either low blood pressure or elevated IOP. Previous studies have shown that blood flow in the choroid is regulated when OPP is modified. 6, 7 More specifically, choroidal blood flow appears to be better regulated during an isometric exercise-induced increase in OPP than during a suction cup-induced decrease in OPP. However, only few data are available in the optic nerve head (ONH). [8] [9] [10] Given that reduced ONH perfusion and ischemia have been implicated in the pathogenesis of glaucoma, the knowledge of autoregulatory phenomena in this vasculature is of specific importance. 5 Therefore, the present study tested the hypothesis that ONH blood flow (ONBF) is regulated during changes in OPP. Additionally, we investigated whether ONHBF depends only on OPP or also on the absolute values of MAP and IOP.
MATERIALS AND METHODS
The present study was performed adhering to the Declaration of Helsinki and the Good Clinical Practice (GCP) guidelines after approval from the Ethics Committee of the Medical University of Vienna was obtained. All subjects gave written informed consent after the nature of the study was explained to them.
Twenty healthy male and twenty healthy female subjects were included in this prospective, crossover study. The sample size calculation was based on the previous unpublished measurements of ONHBF during isometric exercise in our laboratory using a repeated-measures ANOVA model. Given the variability in our previous experiments, an alpha error of 0.05, a power of 0.80, and a sample size of 40 healthy subjects were allowed to detect changes in ONHBF of 10%. Changes smaller than 10% were considered to be irrelevant.
All subjects passed a prestudy screening, including medical history, physical examination, and a 12-lead electrocardiogram. Additionally, hematologic status (hemoglobin, hematocrit, red blood cell count, mean cellular hemoglobin, and white blood cell count), coagulation status (platelet count, activated partial thromboplastin time, and thrombin time), and clinical chemistry (sodium, potassium, creatinine, alanine transaminase, g-glutamylamylase, total bilirubin, and total protein) were determined. A complete ophthalmic examination comprising slit-lamp examination, indirect funduscopy, measurement of IOP with Goldmann applanation tonometry, and assessment of best-corrected visual acuity was conducted. All subjects had to be aged between 18 and 35 years and nonsmokers. Main exclusion criteria were ametropia of 41 diopter, use of any medication except hormonal contraceptives in the 3 weeks preceding the study, and normal findings in the screening examination unless the investigator considered an abnormality to be clinically irrelevant.
Two study days were scheduled for all participating volunteers. Subjects had to abstain from alcohol and stimulating beverages containing xanthine derivatives for at least 12 hours before each study day. On the first study day, the effect of an increase in MAP and IOP on ONHONHBF was measured separately in three experiments. Before each measurement, a resting period of at least 20 minutes was implemented to ensure stable hemodynamic conditions. After a 3-minute baseline period, MAP was increased by the means of a 6-minute squatting period. During this period, subjects had to keep their head on the chinrest and remained in a position where the upper and the lower leg almost formed a right angle. In the second experiment, ONHBF was measured during a stepwise artificial increase in IOP (25, 50, 75 , and 100 mm Hg of suction for 1 minute each) using the suction-cup method. During these periods, ONHBF was measured continuously with laser Doppler flowmetry (LDF), and blood pressure was assessed every minute. In the third experiment, the suctioncup procedures were repeated and IOP was measured instead of ONHBF every minute at each suction force level.
On the second study day, subjects had two periods of combined MAP and IOP elevation. This allowed for separate measurement of ONHBF using LDF and IOP during the two identical experimental procedures. After 20 minutes of resting and baseline readings of ONHBF, subjects performed squatting for 6 minutes. During the last 4 minutes, the suction cup was applied with the same suction force as on the first day. The subjects' head did not move away from the chinrest, and ONHBF was assessed continuously. Systemic blood pressure and heart rate were recorded every minute. Applanation tonometry was performed immediately before and after ONHBF measurement. Thereafter, a resting period of at least 30 minutes was scheduled and the procedure was repeated. However, instead of ONHBF, IOP was measured every minute.
Systemic Hemodynamics
Systolic blood pressure, diastolic blood pressure, and MAP were monitored on the upper arm by an automated oscillometric device. Pulse rate (PR) was recorded automatically using a finger pulseoximetric device (HP-CMS patient monitor; Hewlett Packard, Palo Alto, CA, USA). The performance of this system has been reported previously. 11 
Laser Doppler Flowmetry
Continuous measurement of ONHBF was performed by LDF as described previously. 12, 13 With this technique, the vascularized tissue is illuminated by coherent laser light. Light scattered by the moving red blood cells undergoes a frequency shift. In contrast, static tissue scatterers do not change the light frequency, but lead to randomization of light directions impinging on red blood cells. Hence, red blood cells receive light from numerous random directions. As the frequency shift is dependent not only on the velocity of the moving red blood cells, but also on the angle between the incident and the scattered light, scattering of the light in tissue broadens the Doppler shift power spectrum. From this spectrum, hemodynamic parameters can be determined based on a theory of light scattering in tissue. Blood flow parameters obtained included blood flow, velocity, and volume. Velocity is the mean velocity of the red blood cells moving in the sampled tissue proportional to the mean Doppler frequency shift. Volume is the number of moving red blood cells in the sampled tissue proportional to the amount of Doppler shifted light. Blood flow was calculated as the product of velocity and volume. Only data with a direct current value of ±15% to the baseline value were included for analysis. For the measurements of ONHBF, a fundus-camera-based system was used. 12 The laser beam was directed toward the temporal neurovascular rim. Care was taken to avoid that any visible vessels were within the scattering volume. During all experiments, LDF measurements were performed by two investigators. One investigator controlled the relative position of the instrument to the subjects' eye and adequate fixation. The second investigator controlled the signal on the computer. Data were corrected for different levels of direct current using the technique proposed by Gugleta and coworkers. 14, 15 Intraocular Pressure A slit-lamp mounted Goldmann applanation tonometer was used to measure IOP. Before each measurement, one drop of 0.4% benoxinate hydrochloride combined with 0.25% sodium fluorescein was used for local anesthesia of the cornea.
Suction-Cup Method
The IOP was increased using the suction-cup method described in more detail by Ulrich and Ulrich. 16 In this study, we used an automatic suction pump that is connected by plastic tubing to a rigid plastic suction cup. After topically applied anesthesia, a standardized 11-mm diameter suction cup was placed on the temporal sclera with the anterior edge at least 1 mm from the limbus. Intraocular pressure was incrementally increased by a suction cup with a force of 25, 50, 75, and 100 mm Hg for 1 minute each.
Statistics
Ocular perfusion pressure in the sitting position was calculated as OPP ¼ 2/3 Â MAP À IOP. 17 During the IOP elevation experiments, OPP was calculated using the IOP data that were measured during the second suction-cup period. This was performed because it is impossible to measure IOP and blood flow at the same time. We have, however, previously shown in a pilot experiment (unpublished data, n ¼ 8) that IOP data during application of a suction cup are well reproducible after a resting period of 30 minutes. During isometric exercise, we obtained IOP levels at the beginning and the end of each squatting period. From these data, the IOP values during every single minute of squatting were calculated using linear regression analysis. During the squatting and suction-cup period, changes versus baseline were analyzed using repeated-measures ANOVA and planned comparisons for post hoc analyses.
In addition, pressure-flow relationships were calculated for the experiments during isometric exercise and artificial IOP increase. For this purpose, the data were expressed as %change in OPP and %change in flow values over baseline. The OPP values were then sorted according to ascending values and grouped into six groups each. For the squatting experiments, 40 values were therefore considered in each of the groups. As such, the first group consisted of those pressure/flow data with the smallest OPP increase, whereas the sixth group consisted of the pressure/ flow data with the largest OPP increase. For the IOP experiments, the number of values included in groups 1 to 4 was 27, whereas it was 26 in groups 5 and 6. Again, the first data point consisted of those pressure/ flow data with the smallest OPP decrease, whereas the sixth group consisted of the pressure/flow data with the largest OPP decrease. A statistically significant deviation from baseline flow was defined when the 95% confidence interval did not overlap with the baseline value any more.
For evaluation of the correlation of ONHBF and IOP, data from all time points of all subjects were pooled and then grouped into three categories according to the following MAP values: the first group contained ONHBF and IOP data pairs during MAPp85 mm Hg, the second group during 85 mm HgoMAPp115 mm Hg, and the third group during MAP4115 mm Hg. Linear regression analysis was performed for all three groups. For the assessment of the relationship between ONHBF and MAP, the same procedure was used but this time, data were group according to their IOP levels into the following categories: IOPp15 mm Hg, 15 mm HgoIOPp25 mm Hg, and IOP4 25 mm Hg. Fisher's r to z transformation was used to calculate the significance of the difference between correlation coefficients.
A P value of o0.05 was considered as the level of significance. Statistical analysis was performed with the commercial software (Statistica Version 6.0; Statsoft Inc., Tulsa, OK, USA).
RESULTS
The subjects' age ranged from 18 to 29 years. Baseline data for the included subjects are presented in Table 1 . No adverse events were observed except for mild conjunctival hyperemia from the suction-cup period. Isometric exercise significantly elevated both MAP (45.9 ± 11.8%, Figure 1 ) and PR (52.1 ± 15.3%, Po0.001 each, Figure 1 ), but had no influence on IOP (P ¼ 0.94, data not shown). Therefore, changes in OPP during isometric exercise were essentially influenced by the elevation of MAP. The maximum increase in OPP during squatting was 66.4 ± 22.4%, which was highly significant versus baseline (Po0.001, Figure 2 ). This increase in OPP was accompanied by an increase in ONHBF (13.1±9.4%, Po0.001, Figure 2 ), which was, however, smaller than the increase in OPP indicating some degree of autoregulation.
As expected, IOP significantly increased during the suction-cup period (Po0.001) at each suction value (Figure 3 ). By contrast, MAP ( Figure 3 ) and PR (data not shown) were not altered by the application of the suction cup. Accordingly, we observed a decline in OPP, which reached a maximum level of À 67.4 ± 15.4% (Po0.001, Figure 4 ). This decrease in OPP was paralleled by a smaller decrease in ONHBF ( À 37.8±8.8%, Po0.001, Figure 4 ), indicating that autoregulation is also present during these periods.
The pressure-flow relationships for isometric exercise and the IOP elevation experiments are shown in Figures 5 and 6 , respectively. At OPP values of 55% above, baseline ONHBF values were not significantly different from baseline. Starting at an OPP level of 66% above, baseline ONHBF values almost increased linearly. Whereas ONHBF was not different from baseline at an OPP decrease of 32%, it started to decrease at OPPs below 40% of baseline. At lower OPPs, the pressure-flow relationship became almost linear.
The data obtained during the combined changes in OPP induced by isometric exercise on the one hand and application of the suction cup on the other hand are presented in Figures 7 and  8 , respectively. When data pairs were grouped according to MAP values a highly significant correlation was found between ONHBF and IOP (Po0.001) in all groups (Figure 7) . The correlation coefficients were all in the same range (P ¼ 0.059 between groups 1 and 2, P ¼ 0.052 between groups 2 and 3, and P ¼ 0.84 between groups 1 and 3), and the regression lines were almost parallel (MAPp85 mm Hg: r ¼ À 0.67, Po0.001, k ¼ À 1.19; 85 mm HgoMAPp115 mm Hg: r ¼ À 0.57, Po0.001, k ¼ À 1.22; MAP 4115 mm Hg: r ¼ À 0.68, Po0.001, k ¼ À 1.46). In addition, the ONHBF values were lowest in the group MAPp85 mm Hg (90.5 ± 18.3% of baseline), higher in the group 85 mm Hg oMAPp115 mm Hg (96.5±20.0% of baseline), and highest in the group MAP4115 mm Hg (106.5±20.6% of baseline, all comparisons Po0.001) When data pairs were grouped according to IOP values the picture was more complex (Figure 8 ). In the group with IOPs p15 mm Hg, a correlation between MAP and ONHBF was observed (r ¼ 0.39, Po0.001, k ¼ 0.33). A correlation was also found in the group 15 mm HgoIOPp25 mm Hg, and the regression line was almost parallel (r ¼ 0.39, Po0.001, k ¼ 0.40). By contrast, in the group of highest IOP (425 mm Hg), ONHBF was independent of MAP (r ¼ À 0.016, P ¼ 0.79, k ¼ À 0.020). The correlation coefficient for this group was significantly different compared with the other two groups (Po0.001 between groups 1 and 3, Po0.001 between groups 2 and 3, and P ¼ 1.0 between 
DISCUSSION
The present study confirms the previous data, indicating that ONHBF regulates during both an exercise-induced increase in MAP and a suction cup-induced increase in IOP. [8] [9] [10] The data obtained in the present study are generally in good agreement with these previously published data, but it needs to be considered that in the present study more subjects were included and more steps of IOP elevation were used. Data, as obtained in the present cohort, are also in good agreement with our recently published results in another cohort. 18 One needs, however, to consider that there is a wide interindividual variability in this response. 18 Nevertheless, the pressure-flow relationships presented in this report indicate that ONHBF is autoregulated during both an increase and a decrease in OPP.
In addition, our data extend our knowledge of ONHBF regulation in several ways. During combined increase in MAP and increase in IOP, blood flow in the ONH was generally more dependent on IOP than on blood pressure. Whereas this is in keeping with the previous results we obtained in the choroid, we also found considerable differences between the two vascular beds. In the choroid, blood flow was strongly dependent on IOP when data were grouped according to MAP values during combined isometric exercise and artificial increase in IOP. 7 The regression lines between IOP and blood flow were almost similarly independent of the level of MAP. In the present study, the results in the ONH showed in principle a similar behavior with a correlation between blood flow and IOP, but flow values were slightly dependent on the level of MAP. More pronounced differences were, however, found when data were grouped according to IOP. In the choroid, the regression lines between blood flow and MAP were almost horizontal. Blood flow values were, however, generally lower at higher IOPs. In the ONH, we observed a more complex behavior. At the two lower levels of IOP, a small but significant correlation was found between blood flow and MAP, but the level of blood flow was not dependent on IOP. At higher IOPs (425 mm Hg), blood flow was considerably lower, but became independent of MAP.
As such, the data of the present study support our recent findings, 18 indicating that ONHBF shows better blood flow regulation during an artificial increase in IOP than choroidal blood flow and less regulatory capacity during an isometric exercise-induced increase in MAP. The finding that at higher IOPs blood flow in the ONH regulates better when MAP is changed than at lower IOPs may be unexpected. Relying, however, on a theoretical model on autoregulation 19 this may be predicted. When IOP is artificially increased, subjects start at lower levels of OPP. As such, the autoregulatory reserve toward higher OPPs is increased as compared with physiologic IOP values.
The differences in the regulatory behavior of choroidal and ONH blood flow when OPP is changed may be related to the different anatomic features of these vascular beds. The vascular supply of the ONH is complex, and the anterior and posterior parts are fed by different vessels. The anterior part of the ONH is supplied by the central retinal artery and is not under neural control, because it lacks innervation. The posterior parts of the ONH behind the lamina cribrosa are nourished from the short posterior ciliary arteries either directly or via the circle of Zinn-Haller. 20 The LDF signal obtained with the technique used in the present study mainly arises from the anterior part of the ONH vasculature. 13 The choroid, however, is richly innervated and neural control appears to have a key role in blood flow regulation. 21 This may also explain why the choroid regulates better during an isometric exercise-induced increase in MAP than the ONH related to the activation of the sympathetic system with pronounced choroidal vasoconstriction.
The present study indicates that the level of blood flow is dependent not only on OPP, but also on the absolute levels of IOP and MAP in a complex way. To the best of our knowledge, this is the first study indicating that this is the case in the ONH. There is, however, evidence from a variety of previous animal and human studies that this is the case in the choroid. 7, [22] [23] [24] [25] [26] [27] In other vascular beds, little is known about the interaction among perfusion pressure, arterial pressure, and venous pressure. In the brain, most of the research focused on autoregulatory behavior during changes in arterial pressure, [28] [29] [30] because fluctuation in venous pressure is considered small. In the eye, this is fundamentally different. When IOP increases the venous pressure increases in parallel and is always slightly higher than IOP in both the retina and the choroid. 31, 32 During extremely high IOPs, venous pressure can even exceed arterial pressure leading to complete ischemia of ocular tissues. As such, our results may be of relevance for understanding the pathophysiology of glaucoma.
The most important risk factor for glaucoma is increased IOP, but additional risk factors including low OPP have been identified. [33] [34] [35] A complete description of the theory how low OPP may be involved in glaucoma pathogenesis has been summarized in recent reviews. 36, 37 With regard to the present data, it is of interest that ONHBF appears to have relatively little regulatory capacity when IOP is increased. This supports the idea that ischemic periods may occur during IOP peaks as has been suggested from diurnal measurements of MAP, IOP, and blood flow in glaucoma patients. [38] [39] [40] [41] [42] The results of the present study may be explained based on the myogenic theory of autoregulation, which assumes that changes in transmural pressure result in smooth muscle and constriction in response to changes in perfusion pressure. During an increase in IOP, the decrease in OPP is paralleled by a decrease in perfusion pressure gradient. The situation is different when the OPP is altered via the arterial system during isometric exercise. In this case, the increase in transmural pressure in the arteries supplying the ONH will result in vasoconstriction due to the myogenic response.
A number of limitations need to be mentioned when discussing the results of the present study. Obviously, different subjects start at different MAPs and IOPs at baseline. This makes it difficult to produce pressure-flow relationships. During the experiments in which we increased either MAP or IOP we tried to overcome this limitation by using the data expressed as %change over baseline. During the combined experiments analysis is even more difficult, because ONHBF is obviously not a function of OPP anymore, but depends on OPP, MAP, and IOP in a complex way. As such, we decided to group data according to three different ranges of either MAP or IOP (Figures 7 and 8) . Importantly, we then performed linear regression analysis, which does not reflect the pressure/flow curves obtained in Figures 5 and 6 . It is, however, obvious that the scattering of data in Figures 7 and 8 is too large to obtain more information on the shape of the curves. Additional data from studies in much larger populations are required to elucidate the exact shape of the association between MAP and ONHBF dependent on IOP. The same holds true for the association between IOP and ONHBF dependent on MAP.
Another limitation relates to the ethical problems of experimentally reducing blood pressure in humans. In the present experiments, we either increased MAP or IOP resulting in either an increase or a decrease in OPP. It would of course be interesting to compare ONHBF at similar OPP reduction if either IOP is increased or MAP is decreased, but such experiments are reserved for experimental animals. This limitation does, however, not affect the key result of the present study, indicating that ONHBF levels may differ at the same level of OPP dependent on absolute MAP and IOP. In addition, our data mimic well the changes in OPP that may occur in daily life.
In conclusion, this study indicates that ONHBF autoregulation during combined changes in MAP and IOP is complex. Blood flow does not only depend on OPP values, but also on the absolute values of MAP and IOP. Generally, ONHBF regulates better during exercise-induced changes in arterial pressure than during an increase in IOP. These results may be compatible with a myogenic response and may have clinical relevance for our understanding of glaucoma pathophysiology.
